INTRODUCTION
Biotic and abiotic stresses affect crop yield and productivity all over the world. Among the abiotic stresses, salinity is one of the major factor impairing agricultural productivity worldwide (E p s t e i n et al., 1980) . It causes the disruption of the homeostatic balance of water potential and ion distribution in plants resulting in decreased availability of water to root cells and the plants tend to accumulate high concentrations of Na + and Cl -in their vacuoles to protect their cytoplasmic water potential and metabolic imbalances. These metabolic imbalances cause oxidative stress (Z h u , 2002) and increased production of reactive oxygen species (ROS) -hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH), and superoxide ions (S i m a e i et al., 2011). Scavenging of ROS in plant cells occurs by an endogenous protective mechanism involving antioxidant molecules and enzymes (J a l e e l et al., 2008: T u r k a n , D e m i r a l , 2009) like superoxide dismutase (SOD), glutathione reductase (GR), and peroxidases (ascorbate peroxidase (APX); guaiacol peroxidase (GPX)).
Many physiological processes of plants like seed germination, seedling growth, flowering, and fruit set are adversely affected by high salt concentrations (A h m a d et al., 2002; A l i et al., 2004) . In particular, salinity delays germination, reduces the shoot growth as expressed by reduced leaf area, and affects many physiological processes like electrical conductivity (EC) and relative water content (RWC). It also reduces photosynthetic activity by destruction of green pigments, lowering leaf area or by decreasing the activity of photosynthetic enzymes. Further, salinity affects the cell membranes and causes lipid peroxidation leading to higher accumulation of malondialdehyde (MDA) (L o k h a n d e et al., 2011).
Camelina (also popularly called Siberian mustard or false flax), belonging to the family Brassicaceae, is a native to Mediterranean region and grows in relatively colder climates. It has a unique oil profile, rich in omega-3 fatty acids, and seeds also accumulate Vitamin E and various antioxidants (Z u b r , 1997) . Obviously, camelina seeds are important feedstocks both for cosmetics and biofuel industries. Despite its economic importance, there have hardly been any reports on the effect of salinity on camelina.
Limited studies on other members of family Brassicaceae suggest retardation in growth and impact on other physiological parameters. For example,
The ability of Camelina sativa to withstand salinity stress in vitro by adding NaCl (0, 25, 50, 75, 100, 125, 150, 175, 200mM) in Murashige and Skoog basal medium was studied. Performance of the plants was measured in terms of various growth parameters and physiological and biochemical tests performed on fully grown plants. The germination capacity, cotyledon unfolding and first true leaf emergence was reduced by 30.6, 17.3, and 28.8%, respectively in 200mM salt treatment with respect to control. The plant height, relative water content, and plant water content were decreased by 85.4, 10.8, and 9.8%, respectively, in stressed plants with respect to control. A decrease in chlorophyll a and b and total chlorophyll contents (by 81.3%), as well as of protein content was registered. Electrical conductivity increased by 52.8% in stressed plants over control, as expected. Other stress indicators like guiacol peroxidase activity and malondialdehyde also increased with respect to control. At salt concentrations lower than 200mM, no clear cut retardation effects were seen. Thus, the present study opens up the scope of further assessment of survivability of camelina in salt contaminated soils.
growth; pigments; proteins; lipid peroxidation parameters like germination percentage, root/shoot ratio and dry matter content in Brassica juncea and Brassica napus were found severely affected upon exposure to salt stress (Q a s i m et al., 2004; S h a r m a et al., 2013).
The crop has been only recently introduced in India (A g a r w a l et al., 2010) and there is very little information on its ability to withstand different biotic and abiotic stress factors prevailing in India. It is a short duration crop and in most parts of India it grows only in a very short bracket of time, i.e. in winter months, when the temperature conditions are ideal for this crop. Thus, in vitro cultures provide an ideal alternative to characterize the crop at molecular and biochemical level and study its response to different climatic conditions. In the present study we have exposed camelina plants growing in vitro to different concentrations of sodium chloride (NaCl): non saline (0, 25, 50, and 75mM, corresponding to 0, 0.91, 1.82, and 2.73 g/l), slightly saline (100, 125, 150mM, corresponding to 3.65, 4.55, and 5.46 g/l) , and medium saline (175, 200 , and 300mM corresponding to 6.37, 7.30, and 10.95 g/l) as per B r o u w e r et al. (1985) . The experiment was conducted in vitro with plants being grown on Murashige and Skoog (MS) medium. Although MS medium is composed of a cocktail of salts, it does not contain NaCl as its constituent. Thus, the control experiment was carried out without NaCl (0mM NaCl set), under the optimum conditions. Any additional NaCl provided was thus considered as a suboptimal salinity environment. We assessed the impact of these concentrations on growth, physiological and biochemical parameters of in vitro grown Camelina sativa (cv. Calena) plants.
maTeRIal aND meTHODS
Camelina sativa cv. Calena (EC-643910) was used in the present study. The plants were germinated under saline conditions, as described, and subsequent biochemical analyses were performed on one month old plants. Subsequently, the plants were allowed to complete their life cycle.
The chemicals used were of analytical grade procured from Sigma Aldrich, St. Louis, USA.
Seed sterilization and in vitro culture conditions
Camelina seeds were washed with distilled water under aseptic conditions in laminar air flow hood. To sterilize them, seeds were first treated with 0.1% HgCl 2 (mercuric chloride) for 5 min followed by a 30 s treatment with 70% ethanol and 3-4 washes with sterile distilled water. Seeds were blot dried and cultured for germination in MS media (M u r a s h i g e , Skoog, 1962) containing different concentrations (0, 25, 50, 75, 100, 125, 150, 175, 200, 300mM) of NaCl. All the cultures were maintained at 24 ± 2°C under a 16 h light and 8 h dark cycle (cool white fluorescent light, 30 μmol m -2 s -1 ) and 50-60% relative humidity (RH) in culture room.
Seed germination, growth, and moisture content
Data on the in vitro seed germination was recorded daily in terms of radicle emergence, cotyledon unfolding, and true leaf emergence. Each treatment had ten replicates of 20 seeds. The rate of germination was estimated in terms of Timson's index of germination velocity (IGV) as:
(1) where: G = germination percentage t = total period of germination (days) Germination percentage and vigour was recorded for each treatment with 10 replications per treatment of 20 seeds each.
The plants growing under different treatments were uprooted carefully and washed for recording fresh and dry weight of the whole plant. The samples were oven dried at 94°C for 24 h and dry weight was recorded to compute plant water content:
Plant water content = (fresh weight -dry weight/fresh weight) × 100
(2) estimation of electrical conductivity and relative water content
Leaf discs of 1 cm 2 were washed with distilled water before placing them in a test tube containing 10 ml distilled water and incubated at 25°C on shaker (100 rpm) for 24 h. At the end of incubation the electrolytic conductivity I (EC I) of bathing solution was recorded by electrical conductivity meter WTW 315I/ SET (WTW GmbH, Weilheim, Germany. The samples were autoclaved at 121°C for 20 min to completely decompose the tissues and release electrolytes. EC II was recorded after cooling the solution to room temperature (RT). The ionic concentration in the sap was determined by measuring the electrical conductivity using the formula:
Relative water content (RWC) was determined by recording the fresh weight (FW) of leaf first, and then turgid weight (TW) was taken by sinking the leaf in water for 24 h. Dry weight (DW) was determined after drying the leaves for 24 h in a hot air oven at 90°C ( B a r r s , W e a t h e r l y , 1962). The RWC was calculated as:
The level of lipid peroxidation in plant tissues was measured by the determination of malondialdehyde (MDA). MDA content was determined with the thiobarbituric acid (TBA) reaction. A tissue sample was homogenized in 2 ml 10% trichloroacetic acid (TCA) and 0.25% TBA solution and centrifuged at 15 000 rpm for 15 min. The supernatant was heated at 95°C for 30 min and cooled immediately on ice bath. The non-specific absorbance of the supernatant at 600 nm was subtracted from the maximum absorbance at 532 nm for MDA measurement. The level of lipid peroxidation was expressed as mM/gm fresh weight of MDA formed using an extinction coefficient of 155 mM -1 cm -1 (H e a t h , P a c k e r , 1968).
Total MDA (mM/ml) = (absorbance at 532 -absorbance at 600 extinction coefficient × path length) × dilution factor (5) estimation of chlorophyll pigments and chlorophyll stability index
Chlorophyll (a, b, and total) concentrations were determined from leaf material ground in a pre-chilled mortar in 2 ml acetone (80% v/v). The homogenate was centrifuged at 3000 g for 10 min. After complete extraction, the mixture was filtered. The absorbance of the extract was measured at 663 and 645 nm using a spectrophotometer (A r n o n , 1949).
Chlorophyll a = 12.25 A 663 -2.79A 645 (6)
Chlorophyll b = 21.50 A 645 -5.10 A 663
Total chlorophyll = 7.15 A 663 + 18.71 A 645
The chlorophyll stability indices (CSI) were measured (K a l o y e r e a s 1958) using the formula CSI = (total chlorophyll content in stressed leaves/ total chlorophyll content in control leaves) × 100 (9) estimation of guaiacol peroxidase activity Guaiacol peroxidase activity (GPX) was determined by monitoring the increase in absorbance at 470 nm as guaiacol was oxidized. The assay mixture contained 50mM phosphate buffer (pH 7.0), 0.1mM EDTA, 10mM guiacol, 10mM H 2 O 2 , and 50 µl of enzyme extract. Absorbance of reaction solution at 470 nm was determined in 15-s intervals with a spectrophotometer (Kar, Feierabend, 1984) . GPX was measured using the formula:
where: Final absorbance = (first absorbance recorded -last absorbance recorded) at 470 nm (11)
Protein content
Protein content was determined by Bradford method using bovine serum albumin (BSA) as standard (B r a d f o r d , 1976 ).
Statistical analysis
The program Crop Stat (7.2.2007.2 module) for MS Windows (Biometrics unit, IRRI, Philippines) was used for the analysis of variance (ANOVA). The treatment means were compared using the Least Significant Difference test (LSD) at a significance level of P ≤ 0.05.
ReSUlTS

Reduced growth and altered physiology under salt stress
Plant growth and vigour decreased proportionally to the increasing salt concentration. Though, the germination was 100% under all the conditions except at 300mM, but the rate of germination differed, as measured by Timson's index. Evidently, plants tolerated the turgor pressures induced by up to 200mM NaCl, but not 300mM, when 100% mortality was observed. Thus, the rest of the text below describes and discusses the results for salt concentrations up to 200mM. Expectedly, maximum germination capacity, cotyledon unfolding and true leaf were recorded in control (93.7, 78.8, and 78.5%, respectively), whereas minimum was recorded at a 200mM concentration (65.00, 65.1, and 55.9%, respectively). On the basis of ANOVA, there was a significant difference in different treatments at P < 0.05 significance level (Fig. 1A-C) .
Height of the seedlings decreased with increasing concentrations (up to 200mM). Plant height increased significantly (P < 0.05) till day 28 in all the treatments except in the highest two concentrations (175 and 200mM) . Among the latter, there was no significant difference in height between days 14-21 of treatment (Table 1) . There was also a decline in fresh and dry weights of the plants. The maximum fresh (0.24 mg) and dry (0.016 mg) weight was achieved in control whereas minimum fresh (0.05 mg) and dry (0.0083 mg) weight was achieved in 200mM salt treatment. Increasing NaCl concentration in the medium caused a significant (P < 0.05) reduction in fresh weight of shoots as well as in dry weight ( Table 2) .
The RWC in leaves was significantly (P < 0.05) lower in 200mM salt treatment (80.3%) as compared to the control (90.1%). This co-related with a higher EC of the leaf sap (by 52.8%) found in 200mM NaCl treatment compared to the control (Fig. 2) .
alterations in membrane functions
Statistically significantly (P < 0.05) higher MDA accumulation was observed at salt concentrations of 150-200mM (Fig. 3A) .
Changes in antioxidant enzyme activities
Guiacol peroxidase showed a gradual increase in response to NaCl stress. GPX activity was increased by 68.88% in 200mM treatment with respect to control (Fig. 3B) . Notably, the protein content was found to decrease significantly (P < 0.05) with the increasing concentration of salt (Fig. 3C) . In control, the protein content was found to be the highest, while in the 200mM concentration it was reduced by 28.45% with respect to control.
Reduced content of photosynthetic pigments
Photosynthetic pigments in leaves of the plant were reduced with increasing salinity in the media, and this in itself is a stress symptom. The increase of NaCl in the medium was accompanied by a gradual decrease in chlorophyll a, chlorophyll b, and total chlorophyll content by 84.74, 69.1, and 81.29%, respectively, compared to the control (Table 3 ). The salt stress treatments resulted also in a significant (P < 0.05) reduction in chlorophyll stability index (by 81.3%) in 200mM salt treatment with respect to control.
DISCUSSION
Salinity resulting from inherent higher salt concentrations in soil or irrigation water represents one of major environmental stresses. It limits crop pro- Table 2 . Effect of NaCl stress on fresh weight, dry weight biomass and plant water content in Camelina sativa (1 month old) ductivity in a multifold manner, causing disruption of membranes, nutrient imbalances, changes in the levels of growth regulators, enzyme inhibitions, and various metabolic dysfunctions (salinity may lead to disruption of photosynthesis, cellular homeostasis, changes in water relations and ionic balance, and generation of ROS). Summarily, the wholesome changes from the level of cellular biochemistry to plant physiology and growth may often be lethal. Nevertheless, the levels of turgor pressure induced by salinity, the plant in question and the stage of its growth at the time of exposure to salinity are few factors that may affect the levels of mortality and retardation in growth of plants (H a s a n u z z a m a n et al. 2013).
The mechanism of inhibition of germination and seedling growth by NaCl may be related to radicle emergence due to insufficient water absorption, or may be ascribed to toxic effects on the embryo (A z z a et  al., 2007) . We have found that in camelina, salinity postponed the germination, but did not inhibit it, which is a long standing view on germination under saline condition ( Salt stress is the major factor that enhances the peroxidation of macromolecules through oxidative damage of membrane components. Conceptually, at higher concentrations of salt, accumulation of ions occurs and these ions interfere the membrane functions and affect the internal solute balance and nutrient absorption, causing deficiency of nutrients (G r a t t a n , G r i e v e , 1998). The rise in MDA content under higher NaCl concentrations, as seen in the present experiment, may be due to the lack of salt dependent up regulation of its antioxidant enzyme system under salinity stress. Similar rise in MDA level was also found in Catharanthus roseus (G a r g , 2010) , Withania somnifera Dunal (S a b i r et al., 2012), and buckwheat (A g h a l e h et al., 2009). Salinity causes the removal of potassium ions from plant roots, which causes physiological imbalance because potassium is necessary for protein synthesis. Potassium loss causes diminished plant growth and development. Osmotic stress causes a significant reduction (by 9.85%) in water uptake resulting in low water content in plant indicating that the plant was under stress. Such a stress is induced after initial diminution or a complete halt in plant growth, which causes reduced osmotic potential inhibiting the absorption of water and nutrients by roots. , 2012) and Brassica juncea L. also showed peroxidase activity increasing with the rising concentration of NaCl. The reduction in photosynthetic rates under salt stress is due to the reduction in water potential as a result of higher concentrations of Na + and/or Cl -accumulated in chloroplasts. Thus, the availability of CO 2 for carboxylation reactions is restricted, which in turn affects carbon metabolism or photophosphorylation. Further, salinity minimizes the loss of water through transpiration and affects light-harvesting and energy-conversion systems leading to alteration in chloroplast activity, and hence reduced photosynthetic rates. In other words, plants are exposed to excess light energy which is harmful to photosystem II (PSII) if not dissipated. 
CONClUSION
Reduction of plant growth by salinity differs between species and even between varieties and cultivars due to variability of salt tolerance among domestic and wild germplasms (B o l a r i a n et al., 1991; G h o u l a m et al., 2002) . The present study has demonstrated that there were considerable differences among the morphological, physiological, and antioxidative responses of Camelina sativa to salinity exposure. With the elucidation of physiological and biochemical responses, there was a clear demarcation of sensitivity of this plant to higher salt concentration by having more electrical conductivity, higher lipid peroxidation, rapid loss of chlorophyll, increased guiacol peroxidase activity, and reduced biomass. The growth reduction under NaCl stress could be due to osmotic as well as ionic pressure. Changes in growth parameters, non-enzymatic and enzymatic antioxidant activities under in vitro conditions can be considered as factors of adaptive value which led to differential responses in plants especially with respect to growth, osmotic adjustment, and antioxidant enzyme activities against salt stress.
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